
DTIC
PL t:, f" E

tr Ii'. oe FEBc 19E9V D
ARMY RESEARCH LABORATORY AD-A260 784

~iIIll ii 1!! "1"1 "

Computation of the Roll Moment
Coefficient for a Projectile
With Wrap-Around Fins

rwarris L. Edge

ARL-TR-23 December 1992

"APPROVED FOR PUBUC RELEASE; DISTKrIBUTION IS "NUMMIhD

93-02303
I! 9:; _



NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical Information
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not to be construed as an official Department of the Army
position, unless so designated by other authorized documents.

The use of trade names or manufacturers' names in this report does not constitute
indorsement of any commercial product.



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

COLOR PAGES WHICH DO NOT

REPRODUCE LEGIBLY ON BLACK

AND WHITE MICROFICHE.



1 Form Approved
REPORT DOCUMENTATION PAGE OMB No. o07o04o88

Pol, eoorti:g b.,,r •n -or ihi, ccn'tct1on at ritormatnon i, ,nti at" t .ero qe aour I , 'ej ne. i"o.we o the I ocr re *;emng insmrj cr, s.. vearcl,,nq eui, r data sources.
gathefq' and nsr.aM I.n; I le oiat neced and zomottinqng d re'en ,,g9 the .i1ecr.,n or Mtrmait:on tend corrie$'. regarding tI$h thitdir eitlifnte Or any Other aspect of thi
Collec1.Zi or info'n.: cr. rroi~iarg sugges ..rý tor tecdvnq thus b~raei, ta Wastntugor ,u,ebauaý.ei,i Services. 0-rectorate fo* r,'orat-om DoeralLOnS and AtbOOrT. 1215 jetlemor'

w. AGN CYa. USE 12C4 A ve . A ;2124302 an d to t Ae Ct4ce 36 VAuqeueul and Byage! Oaoe*.-. RedOR c. h'ene(0704-0 8) TYaPEraton. OC 20EO R

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE REPORT TYPE AND DATES COVERED

IDecember 1992 Final, December 1990 - January 1992

4--. TITLE AND SUBTITLE S. FUNDING NUMBERS

COMPUTATION OF THE ROLL MOMENT COEFFICIENT FOR A PROJECTILE
WITH WRAP-AROUND FINS

1L161102AH43
6. AUTHOR(S)

HARRIS L. EDGE

7. PERFORMING ORGAN!ZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZA...jN
REPORT NUMBER

2. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING, MONITORING
AGENCY REPORT NUMBER

US Army Research Laboratory
ATTN: AMSRL-OP-CI-B (Tech Lib) ARL-TR-23
Aberdeen Proving Ground, Maryland 21005-5066

11. SUPPLEMENTARY NOTES

The report supersedes BRL-IIR-969, October 1991.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maermsum 200 words)

Flow field solutions of a projectile with wrap-around fine have been computed
for velocities ranging from Mach 1.3 to Mach 3. The flow field solutions were
computed with a time-marching, 3-D zonal, full Navier-Stokes code. The roll moment
coe ficient was computed from the flow field solutions and compared to tne roll
moment coefficient obtained experimentally for a similar wrap-around fin projectile.
"The roll moment coefficient computations show favorable agreement with experimental
measurements in predicting changes of the roll moment coefficient magniude and sign
as a function of the flig9t Mach number. This demonstrates coputational fluid
dynamics' capability as a promising method for reliably predictntg the roll moment
coefficient of projectiles with wrap-around fins.

Flui "IS. NUMBER OF PAGESFlud ynamics 2
Aerodynamic Stability Folding Fins 24
Comiutations Tube Launched 16. PRICE CODE
Fin Stabilized Ammunition
17, SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-28-5500 StanDard Form 296 (Rev 2-89)

298-102



.I

INTENTIONALLY LEFT BLANK.

ii



Acknowledgment

The author would like to thank the members of the Computational Aerody-
namics Branch and Dr. N. Patel for giving their support, advice, and technical
expertise. The advice of the reviewers, Dr. W. Sturek and Dr. P. Plostins, was
greatly appreciated.

/

5It) •,fAr 7Fo.

,LLAI,4ftimL,)o ----

~ Codea

DL)5t

iii !

-- -_ -



INTENTIONALLY LEFT BLANK.

iv



TABLE OF CONTENTS

ACKNOW LEDGMENT .............................. iii

LIST OF FIGURES ...................... ....... ... vii

1. INTRODUCTION ....................... .......... 1

2. ABOUT THE TEST CASE ............................ 1

3. CODE AND BOUNDARY CONDITIONS .................... 2

4. G R ID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

5. R E SU LT S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

6. CONCLUDING REMARKS ........................... 6

7. REFERENCES . .... . ... ..... . ... ... ... . ... . .. . ... 25

DISTRIBUTION LIST .............................. 27



INTENTIONALLY LEFT BLANK.

vi



LIST OF FIGURES
Figure Pg

1 Wrap-around Fin Model Geometry.......................... 8

2 TTCP Standard Wrap-around Fin ......................... 9

3 Blunt Leading Edge Wrap-around Fin... ............. . . . . ... 9

4 Computational Mlodel Wrap-around Fin ............................ 9

5 Computational Grid ......................................... 11

6 Normalized Pressure Contours at Mach=1.5 ......................... 13

7 Normalized Pressure Contours at Mach=2.0 ......................... 13

8 Normalized Pressure Contours at Mach=2.5 ......................... 13

9 Normalized Pressure Contours on Concave Side ol fin at Mach=2 . ..... 15

10 Normalized Pressure Contours on Convex Side of Fin at Mach=2 .. ..... 15

11 Normalized Pressure Contours Between Fins at Mach=2 ................ 17

12 Normalized Pressure Contours Between Fins at Mach=-2.5 ............... 19

13 Normalized Pressure Contours at Various Axial Stations at Mach=2.5..... .. 21

14 Roll Moment Coefficient vs. Mach Number for Computational and JPL
Experimental Data ..................................... 23

15 Roll Moment Coefficient vs. Mach Number for Configurations With Different
Leading Edge Bluntness ................................. 23

16 Roll Moment Coefficient vs. Mach Number for Experimental Data ....... .. 24

"vii



INTENTIONALLY LEFT BLANK.

viii



1. INTRODUCTION

W•rap-around fins have been used primarily for their advantages in packaging tube-

launched projectiles. The wrap-around fin conforms to the cylindrical shape of the projectile

while in the launch tube, allowing more efficient use of space. Thus, greater numbers of

wrap-around fin projectiles can be stored in the same space as fixed-fin projectiles designed

to deliver the same payload (Dahlke 1975; Winchenbach 1986).

The cylindrical shape of the wrap-around fin is advantageous for packaging; but it can

also be compromising to the dynamic stability of the projectile. In many configurations that
wrap-around fins have been employed, it has been noted that the roll moment coefficient

may change in magnitude and sign as the Mach number varies (Dahlke 1975; Winchenbach

19S6,Mermagen 1981). During the course of flight of a wrap-around fin projectile, it is possi-

ble for its spin rate to increase or decrease more than once. In addition, the direction of spin

may change. This type of behavior can produce poor flight dynamics. In order to design dy-

namically stable projectiles employing wrap-around fins, it is necessary to have the ability to

predict the roll moment coefficient at. all flight conditions for the full trajectory. Design code

niet-hodology is inadequate for this problem (Dahlke 1990). Results from computational fluid

dynamics (CFD) calculations have shown promise. Normal force coefficients calculated us-

ing inviscid CFD computations have compared favorably with experimental data. However,

roll moment coefficients calculated using inviscid CFD computations have not shown good

agreement with experimental dAta (Wardlaw 1987). This paper presents the initial results

for establishing the capability of predicting the roll moment coefficient for a projectile with

wrap-around fins through viscous computations with a 3-D full Navier-Stokes code.

2. ABOUT THE TEST CASE

The experimental data used for compariscn were obtained from references 1, 6 and 7.

The reports document a comprehensive et'oit to experimentally determine how changes in

geometry affect the aerodynamic forces genereted by wrap-around fins. ..\ standard wrap-

around fin projectile determined ib the Technical Cooperation Program (TT'P), as seen

in Figure 1, was used as the basic configulation. A number of geometric variations to

the basic configuration were made. The aerodynamic forces of each configuration were

measured and documented. The configuration for the wrap-around fin projectile modeled

in the computation was derived fr.,rn the standard set by the TTCF (Dahlke 1975. Dahlke

1976). Although the body retains tile dimensions of the standard TTCP coifiguration, the

fins differ slightly. Tihe standard T'FCP configuration had fins with, syminmetric ie•idii g and



trailing edge bevels. The computational model had bluit. leading and trailing edges. There is

a dilfercnce of 45 degrees betwveen thle root, and tij) chord ini thle standard TITCP coilfigu ration1

while the root and tip chord are parallel in the computational model. See Figures 2 and 4

for a visual reference. Another difference to note is that the standard TTCP configuration

had boundary layer trips onl thle body and the fin leading edges (Dahlke 1975, Dahike 1976).

The boundary layer was laminar for the body- and fins for the computational model.

Flowfield solutions were computed for a series of Mach numbers ranging from 1.3 to 3.0

at seat-level atmospheric conditions. The freest reami conditions -were: density = 1.198k, /rn 3 .

static temperature = 21.6'C; and static pressure = 101 .3kPeL. The Reynuolds number, based

onl projectile length, for sea-level conditions ranged from 30 to 69 million. Flowfleld solutions

were also computed using wind tunniel free streamn conditions. The Reynolds number under

wind tunnel conditions varied frorn 17 million at Mach 1.3 to 69 million at Mach 3.0. The

wind tunnel atmospheric conditions were obtained from referenc:e 7. The experimental data

were obtained from four different sites: the McDonnell Douglas Aerophvsics wind tunnel:

ti~e Armnold Engineerling Development Cen-iter (AEDC): N ASA Langley Research Center; and

the Jet Propulsion Laboratory (JPL). The experiments conducted by! McDonnell Douglas,

AL'DC anid NASA Langley 'wcrc wind tunnel tests w.hile the JPL data were obtaiin'-d from

a free flight test (Dahilke 1975,. Dahlke 1976). The models used in the McDonnell Douglas,

AEDC, and NASA Langley experliments followed the TTCP specifications. The modeli

used t~o obtain thle experimental data at JPL were scaled versions of those used for tile

wxind tunnel experiments. These models did not have boundary layer trips on the leading

edlges of the fins (Dahllke 197-5. IDalilke 1976). Thle experimentally' obtained roll moment

covili(:ients have beeni comnpared to values compluted from flowfield SOljtions calculated by-

the 1HUl ZONAL N.avier-Stokes code. \V'In, tunnel data were available comparing thecTTCP

st andaird configuration with a configuration that had blunt leading and trailing edges. See

Figuie 3 for this configuration. Th'lese data will be discussed later.

3.CODE AND BOUNDARY CONDITIONS

A\ I flowfleld solutions1' were ;oMnpiited with tilte 1311L Zonal code. Th'le BIi , Zonmal code is

a 3-1) full N avier- S kcs code whiich can be applied to zonial gridl topologies. Thej( gove~rning

equal MIiiS hrC nni'ial initegrated LvN ai Icx pl Lit tien icmarching mnethod ( Patel . St urek

Hi d Smi t h 1 9891 Vitel arid Edge 1 991).

TI'li( fiow field sol ut ions w,-re vi scouis flowk ca lculat~ioins. The comiputational iv modeled

surlface waiv one-foun rth of I .: cliitire project ie Suirface. 'I'lle svm neintrv of tile projectile allowed

t~l :r:Ii odel irg of one fill and appt)Irox ili it ely forty-five degrees of body Surface oii1 Jitliei Side



of the fin. A periodic boundary condition was written to take advantage of this symn

This helped to reduce the number of grid cells needed for the computation, but it restricted
the angle of attack to zero degrees. The calculation of the roll moment coefficient wos the

primary goal in this initial effort. For this reason, the flowfield was computed for the body

and fins only, since the influence of the recirculating flow at the base on the roll moment

coefficient is expected to be small. Future computations which include flow field solutions

at the projectile base will hopefully verify the accuracy of this assumption. A zero gradient
boundary condition was used at the trailing edges of the fins for the downstream boundary

condition. A n.ion-reflecting boundary condition was applied to the outermost grid plane
from the body surface. The non-reflecting boundary condition allowed the outermost grid

plane to be placed relatively close to the body, which reduced the number of computational

points needed for a solution. In order to obtain a viscous solution, the fin and body surfaces
were modeled with a no-slip boundary condition.

A zonal approach was used to obtain a solution for the flowfield. In the zonal approach,
as implemented in the BRL Zonal code, overlapped zones share at least one grid cell in a

given direction with an adjacent zone. The shared grid cells have identical coordinates in
both of the overlapped zones. Since the two ovcrlapped zones have the same coordinates for

the shared grid cells, zonal coupling requires only the transfer of information from the field

of one zone to the boundary of the other zone and vice-versa. No interpolation is required.

A multi-zone solution is obtained by performing the integration of the governing equations

in all zones and then exchanging information between overlapping zones before advancing

to the next iteration (Patel, Sturek and Smith 1989; Patel and Edge 1991).

All compi'. ,tions were performed on a Cray-2 supercomputer. Some flowfield solutions

were compu' .d on the TACOM Crav-2 while others were computed on the Cray-2 at B31L.

As configured for this case, the BRL Zonal code required forty-five million words of memory.

4. GRID

The zonal approach facilitated the building of the computtional grid. The unswept

wrap-around fins with blunt leading edges would have been difficult to model with a wrap-
around grid. The use of a wrap-around grid would have resulted in large and rapid variations

of the metric terms, which could have severely degraded the quality of the solution (Patel,

Sturek and Smith 19S9; Patel and Edge 1991). The zonal approach allowed the accurate

modelling of the wrap-around fin projectile's geometry while retaining a smooth continuous

computational mesh. A cut-away view of the computational grid can be seet, in Figure 5.



The grid was designed for viscous computation. It was highly clustered niear the body

and fin surfaces. The total nuniuer of points used for tile computation was 951,888. The

-dimensions for each of the seven zones were as follows, (20 x 80 x 32), (20 x 80 x 32), (130

x 80 x 32), (130 x 80 x 32), (20 x 80 x 18), (96 x SO x 18), (36 x 26 x 48). As stated earlier,

these seven zones were configured to model one-fourth of the wrap-around fin projectile.

An algebraic grid generator, developed at BRL, was used to build the computational

mesh. Once the interior mesh of a zone is completed, grid points on tile boundary are

added, deleted or changed to create overlaps between adjacent zones. In order for the

periodic boundary condition to function pr-ierly, the planes in which data werc exchanged

were spaced such that they were exactly ninety degrees apart in the circumferential direction.

5. RESULTS

Qualitatively, the flowfield solutions computed by the BRL Zonal code show a number

of interesting features of wrap-around fin aerodynamics. Figures 6, 7 and 8 show surface

pressure contours on the concave and convex sides of the wrap-around fins at different Mach

numbers. These figures show the influence of shocks generated at the fin leading edge on

the fin surface. In addition, the figures also show the development of a high pressure region

near the leading edge of the concave side of the fin as the Mach number increases.

The differences in the surface pressure contours on the convex and concave sides of the

fin are quite evident. Figure 9 is a view of the wrap-around fin from its concave side. Figure

10 is a vicw from the con;vex side. Figure 11 shows a view between the fins. Near the fin

root, the shock generated by the fin is clearly asymmetric. Figure 12 shows a flowficld plane

away from the body that intersects the fin at approximately fifty percent of its height. It

should be noted that the plane is not at a constant radial distance from the body surface.

The shock on the concave and convex sides of the fin appear to be very similar to each other

at, a distance away from the body. Near the fin leading edge at the root of thc fin, the surface

pressure on the concave and convex sides of the fin appear to be very different from each

other.

Figure 13 shows the flowficld at various axial stations along the fin length. These contours

give a good indication of the overall structure of shocks generated by a wrap-around fin

projectile. The contours also show the "focusing" of the shock on the concave side of the

fin. This is miost apparent near the leading edge of the fin. Generally speaking, the leading

edge is the area where there is the greatest difference inJ pressure between the COTnCaVC arid

convex sides of the fin. This is in agreement with the finidinrgs Imenttioncd in Iefercrnce 1.
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A comparison of the computed roll moment coefficient and the experimentally: obtained

roll moment coefficient shows good agreemcnt with overall trends. Figure 14 is a graph

-showing the roll moment coefficient versus Mach number for experimental data obtained

at JPL and computations made from the BRL Zonal code solutions. Figure 14 shows that

the roll moment coefficients computed from BRL Zonal code flowfield solutions follow the

general trends of the experimental data. At lower Mach numbers, the roll moment coefficient

is positive. At higher Mach numbers, the roll moment coefficient is negative. A positive roll

moment coefficient indicates a roll direction towards the fin's center of curvature. The

predicted and JPL measured roll moment coefficients indicate one cross-over point, a Mach

number at which the roll moment coefficient is zero, near Mach 1.7

It is expected that the geometrical differences between the computational model and the

TTCP standard configuration would produce differences in their roll moment coefficients.

Additional wind tunnel data are presented to show how the fin bluntness affects the roll

moment coefficient. Figure 15 is a roll moment coefficient versus Mach number plot for

two wrap-around fin configurations obtained under similar conditions. One configuration

is the standard TTCP configuration while the second configuration is a modified TTCP

configuration which has blunt fin edges. Figure 3 shows the fin geometry of this second

configuration. The data are presented because the fin leading edge bluntness is the primary

geometrical difierence between the TTCP standard configuration and the computational

model. As can be seen in Figure 15, the roll moment coefficient versus Mach number curve
of the blunt finned cenfiguration seems to retain the same overall characteristics of the curve

for the TTCP standard configuration. The differences in the two curves indicate that a

blunt leading edge as opposed to a forty-five degree leading edge wrap-around fin will have

a slightly higher cross-over point and, subsonically at least, have a greater roll moment

coefficient.

A comparison of the different roll moment coefficients of a standard TTCP configuration

obtained from various facilities shows some scatter in the data, but the overall trends stated

earlier, remain intact. Figure 16 is a plot of roll moment coefficient versus Mach number for

experimental data obtained using the TTCP standard configuration. As stated earlier, the

McDonnell Douglas. AEDC and Langley data were obtained from wind tunnel experiments

with the standard TTCP configuration. The JPL free-flight data were obtained using a

scaled down version of the TTCP standard configuration. The model used at JPL did not

have boundary layer trips on the fin leading edges while the models used at McDonnell

Douglas, AEDC and Langley did have fin leading edge boundary layer trips (Dahlke 1975,

Dahlke 1976). In the Dahlke 1975 and 1976 rcpurts, the data in Figure 16 was presented with

a discussion of the effects of Reynolds number on roll moment coefficient. The cxperimental



data indicate that the Reynolds number may have an effect on the roll moment coefficient

and Dahlke speculated the Reynolds number and the lack of boundary laver trips may be

Sresponsible for the difference in the JPL data and the other experimental data. The JPL

data predicts the cross-over point to be at approximately Mach 1.7 while the other wind

tunnel data indicates Mach 1. With the exception of the differing cross-over points, the JPL

data agrees well with the other wind tunnel data. The computed roll moment coefficients,

shown in Figure 14, indicate that there is little difference in the roll moment coefficient under

wind tunnel, (Reynolds number 17 to 23 million) and sea-level, (Reynolds numbers 30 to 69

million) conditions.

6. CONCLUDING REMARKS

Flowfield solutions of a wrap-around fin projectile were calculated with the BRL 3-D

Zonal Navier-Stokes code. The roll moment coefficient was calculated from the flowfield

solutions and compared to the roll moment coefficient obtained from experiment measure-

ments for a similar wrap-around fin projectile configuation. The computed roll moment

coefficients predicted the same trends seen in the experimentally obtained roll moment co-

efficients in magnitude and sign, (direction). Experimental data obtained from McDonnell

Douglas, AEDC and NASA Langley wind tunnels indicated that the cross-over point was at

Mach 1 while the JPL free flight data indicated that the cross-over point was greater than

Mach 1. It is encouraging that the computed roll moment coefficient cross-over point was

close to the cross-over point of the JPL free flight data. The boundary layer was laminar on

the fins in the computational model. Also, the model used for the JPL experiments did not

have a boundary layer trip on the fin leading edge, while the models used in the wind tunnel

experiments did. Another point to note is that the JPL experiments had the lowest Reynolds

number. This raises the possibility that the wrap-around fins of the JPL model may have

had a laminar boundary layer at low Mach numbers which would give this experiment an-

other feature in common with the computation. The experimental data indicate that the

roll moment coefficient varies with the Reynolds number. However, the data do not estab-

lish any trends which would allow one to state conclusively whether there is a relationship

between the Reynolds numbcr and roll moment coefficient or what that relationship may be.

The results from the CFD computations do not indicate that the roll moment coefficient is

Reynolds number dependent.

The roll moment coefficient computations have shown good agreement, in terms of the

magnitude and sign, with values of the roll moment coefficient obtained experimentally.

The computational technique, as outlined in this report, has shown great promise in being a

6



reliable metbod for predicting the roll moment coefficient. However, a one-to-one comparison

of computation and experiment is difficult to make. As this is an ongoing effort, further work

S will be done t~o fully establish this capability. Future plans include: 1) applying the F3D

code to wrap-around fin configurations (Sahu 1988); 2) computing turbulent viscous flowfield

solutions; and 3) computing flowfield solutions for small angles of attack.
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